ABSTRACr The estrogen receptor (E2R) from rabbit uterus has an enhanced affinity for BrdUrd-substituted DNA compared to unsubstituted DNA. Increasing levels of BrdUrd substitution (from 0 to 100%) in a DNA sample are associated with increasingly tighter binding of E2R to that DNA as measured by equilibrium competition experiments and by rates of dissociation (or receptor transfer experiments). Although the rates of dissociation of E2R-DNA complexes vary greatly, depending on the BrdUrd-substitution level in the DNA, no differences were detected between the rates of association of E2R with unsubstituted and fully BrdUrd-substituted DNA. The E2RtDNA complex dissociates more rapidly in 150 mM KCI than in 50 mM KCI; but, at both ionic strengths, BrdUrd substitution in the DNA confers enhanced stability on the complex. The demonstration that a specific mammalian regulatory protein has an enhanced affinity for BrdUrd-substituted DNA further strengthens the possibility that BrdUrd modulates gene expression through an altered binding of regulatory proteins.
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One of the key events in the regulation of gene expression by estrogen is the interaction between the hormone-receptor complex and the genome of the target cell nucleus (1) (2) (3) (4) (5) . However, the precise nature and the extent of these interactions are far from understood, and the demonstration of specific nuclear acceptor sites has remained a difficult and controversial problem (5, 6) . The unraveling of the physicochemical basis of estrogen receptor-DNA interactions might be facilitated by the use of a well-defined model system. In the absence of any structural information about the receptor molecule itself, we have turned to the chemically more definable DNA partner to determine how specific changes in the DNA structure might affect receptor binding. Recently, we examined the specificity of the interaction between uterine estrogen receptor (E2R) and DNA-cellulose by equilibrium competition experiments and found that the estrogen receptor binds preferentially to AT-rich regions of double-stranded DNA (6) . In the present study, we have further explored the nature and specificity of this interaction by replacing the 5-methyl group in thymidine with a bromine atom. This was accomplished by allowing incorporation of BrdUrd into cellular DNA. Furthermore, the study of the interaction of E2R with BrdUrd-substituted DNA may serve to elucidate possible mechanisms whereby BrdUrd alters gene expression in animal cells. The incorporation of BrdUrd into DNA selectively inhibits the expression of differentiated cell functions in various cell types (7) (8) (9) (10) , activates virus production (11, 12) as well as other genes (13, 14) , and affects chromosomal condensation (15) . Despite much effort, the mechanism of BrdUrd action in mammalian cells has remained elusive. A possible explanation may be related to an alteration in the interaction between regulatory proteins and BrdUrd-substituted DNA. In a bacterial system, Lin and Riggs (16) have demonstrated that the lac repressor exhibits a 10-fold greater affinity for BrdUrd-substituted, as compared to unsubstituted, DNA. Similarly, the catabolite gene activator protein (17) and pea histones (18) also demonstrate an enhanced affinity for substituted DNA. Schwartz (19) traction with phenol (three times) and chloroform (two times). The samples were dialyzed against 1 M NaCl/10 mM Tris-HCI, pH 7.6/1 mM Na2EDTA and, finally, against 10 mM Tris-HCl, pH 7.6/1 mM Na2EDTA. DNA concentrations were determined by absorbance at 260 nm (1.0 A260 =0.15 mM DNA phosphorus = 50 jig of DNA per ml). BrdUrd substitution levels were determined by analytical centrifugation in cesium chloride (24) . All hamster DNA samples were made up at 100 gg/ml in 50 mM KCI/20 mM Tris-HCl, pH 7.5/1 mM EDTA. Native calf thymus DNA and hamster DNAs were coupled to cellulose by the procedure of Alberts and Herrick (25) and stored in buffer A at -20°. The DNA content of the cellulose was determined by boiling for 30 min and reading the absorbance of the supernatent at 260 nm. Coupling of calf thymus DNA and 0% and 100% substituted hamster DNAs resulted in 600, 195, and 340 jig, respectively, per ml of settled cellulose.
The DNA-cellulose binding assay was as described (6) . A DNA-cellulose suspension (adjusted to contain 2.5 ,ug of DNA in 100 ,ul of buffer A) was incubated with 200 ,1 of [3H]estradiol-E2R complex (3H-E2R) (t6000 cpm) at 250 C for 45 min with gentle shaking. At the end of the incubation period, the mixture was rapidly chilled, diluted with 0.75 ml cold buffer A, and centrifuged (1500 X g for 7 min). The DNA-cellulose pellet was washed three times with 0.8 ml of buffer A and centrifuged as above. Finally, the pellet was extracted by boiling for 30 min and assayed for radioactivity by liquid scintillation counting and for DNA by absorbance at 260 nm. E2R binding was determined by subtracting the cpm bound to uncoupled cellulose from the cpm bound to DNA-cellulose. Each value represents the average of three experiments performed in duplicate.
Competitive DNA-Cellulose Binding Assay. Increasing amounts of soluble DNAs (to give the indicated concentration)
were mixed with DNA-cellulose (7.5 ,g of DNA) in 100 ,ul of buffer A, and then 200 ,l of partially purified 3H-E2R complex was added. The mixture was incubated for 90 min at 25°with gentle shaking. The samples were then chilled, and centrifuged, and the DNA-bound radioactivity in the pellet was determined as described above. Results are expressed as percentage of binding without soluble DNA added (100% value was about 3800-4100 cpm/7.5 Ag of DNA, corresponding to approximately 63-69% of the E2R complex being bound).
Kinetics of Dissociation of E2RDNA-Cellulose Complexes. To form the initial complex, DNA-cellulose (1 ml, 25 jig of DNA) and 3H-E2R (2 ml) were incubated at 25°C for 50 min. The pellet was chilled, centrifuged, and washed. The dissociation of the complex was initiated by dilution with 10 ml of buffer A at 250 C, containing 1.2 mg of soluble DNA (48-fold excess of soluble DNA over DNA-cellulose). The mixture was incubated at 25°C with shaking. At the times indicated, duplicate 0.5-ml samples were taken, chilled, centrifuged, and washed twice; finally, the pellet was assayed for radioactivity. A background of 70-90 cpm, due to the retention of 2-3% of [3H]estradiol by DNA-cellulose even in the absence of receptor, was subtracted. Data are presented as the fraction of cpm present before the addition of the soluble DNA (cpm/cpmO).
During cell growth and all experimental procedures, materials were protected from light below 550 nm by use of appropriate filters.
RESULTS
The 3H-E2R complex interacts with DNA according to the equation E2R + DNA = E2R-DNA. The effect of BrdUrd substitution on the E2R-DNA interaction was studied by (i) a DNA-cellulose equilibrium competition assay (6) and (ii) kinetic measurements of the association and dissociation reactions.
Equilibrium Competition Study. The binding of 3H-E2R to DNAs of various BrdUrd substitution levels was examined by DNA-cellulose equilibrium competition experiments. In the absence of any added soluble DNA, a reproducibly large fraction (t66%) of 3H-E2R binds to the DNA-cellulose. When increasing amounts of the soluble DNA to be tested were mixed with a constant amount of calf thymus DNA-cellulose and then added to 3H-E2R, the amount of 3H-E2R appearing in the DNA-cellulose pellet was progressively and substantially reduced (Fig. 1) E2R.DNA2 + DNA, represents the reversible transfer of the E2R from DNA1 (DNA-cellulose) to DNA2 (soluble DNA). If the rate of dissociation is much slower than the rate of association, the dissociation of the initial E2R-DNA1 complex will be the rate-limiting step for receptor transfer to DNA2. The rate of this dissociation reaction can be conveniently measured by the disappearance of 3H-E2R from its initial complex with DNAcellulose when excess soluble DNA is added; alternatively, the rate of transfer of 3H-E2R onto DNA cellulose from an initial complex with soluble DNA can be measured. These two methods should be complementary and reciprocal. In the first case, 3H-labeled receptor complex was allowed to bind DNAcellulose (either 0 or 100% BrdUrd substituted), and then the dissociation was started by the addition of a large excess of soluble calf thymus DNA. The decrease in radioactivity associated with the DNA-cellulose pellet was then followed with time. Typical results are shown in Fig. 3 . The dissociation is characteristic of a first-order reaction, at least for the first 90 min. Furthermore, the rate of dissociation was considerably decreased with BrdUrd-DNA-cellulose compared to unsubstituted-DNA-cellulose, the half-lives being approximately 1 and 9 hr, respectively. It is also noteworthy that the dissociation of E2R was extremely slow, even from unsubstituted DNAcellulose, in the absence of added soluble DNA (control). Our findings are in general agreement with the report of Andre and Rochefort (26) on the rate of dissociation of E2R from DNA- cellulose. In the second method, 3H-E2R was first allowed to bind to soluble DNA. At zero time, an excess of DNA-cellulose was added and radioactivity in the DNA-cellulose pellet was followed with time. If DNA behaves similarly whether bound to cellulose or free in solution, then we expect that the rate of transfer of 3H-E2R to DNA-cellulose should display kinetics similar to those observed with receptor dissociation from DNA-cellulose. Fig. 4 also shows that the transfer reaction from soluble DNA is characteristic of a first-order process; the rate of transfer was drastically reduced when BrdUrd-substituted DNAs were used instead of unsubstituted DNA. When Fig. 3 is compared with Fig. 4 , it is apparent that the difference in half-life between the complex with BrdUrd-DNA and unsubstituted DNA is maintained in both directions.
In contrast to the slow rate of transfer, the rate of association of the receptor with DNA-cellulose is quite rapid (see Fig. 2 ). We therefore expect that the simultaneous addition of both DNAs, with DNA-cellulose in excess, should result in the rapid formation of a complex with DNA-cellulose, bypassing the soluble DNA. This prediction was confirmed by the control experiment shown in Fig. 4 .
These transfer experiments, taken together with our earlier dissociation and equilibrium competition experiments, suggest that BrdUrd substitution stabilizes the E2R-DNA interaction. If this is true, then we expect that the stability of this complex might be a function of the level of the BrdUrd substitution. This possibility was confirmed by the receptor transfer experiments in Fig. 4 . When E2R1soluble DNA complexes were prepared with DNAs of various BrdUrd-substitution levels (from 0 to 100%) and the transfer reaction was followed after the addition of excess DNA-cellulose (unsubstituted), the rate of transfer was inversely proportional to the level of BrdUrd substitution. It would appear, therefore, that the stability of the receptor-DNA complex does increase with increasing levels of BrdUrd substitution.
Given the close agreement between results obtained by using these two methods to measure E2R transfer, we would like to point out an advantage of using the second procedure: there is no need to prepare cellulose-bound DNA for each DNA to be tested, and only a small amount (0.5 ,tg) of DNA is required for the assay. Thus, this receptor transfer reaction provides a simple and sensitive assay for monitoring the effect of DNA alterations on receptor binding.
Effect of Ionic Strength. Do electrostatic interactions stabilize the binding of receptor to BrdUrd-substituted DNA and to unsubstituted DNA in a similar fashion? If so, high ionic strength should increase the dissociation rate and hence provide a more sensitive way to study the otherwise very slow reaction with BrdUrd-substituted DNA. When the dissociation from DNA-cellulose was carried out in 0.15 M KCI instead of the usual 0.05 M KCI, there was a substantial increase in the dissociation rate (Fig. 5) . The half-life of the E2R-DNA complex was decreased from 9 hr to about 3 hr and from 80 min to 30 min for 100% BrdUrd-DNA and unsubstituted DNA, respectively. Thus, the receptor dissociation from both DNAs is highly dependent on ionic strength, suggesting that electrostatic interactions between positively charged residues in the receptor and the negatively charged phosphate groups on the DNA contribute significantly to the stability of both complexes; The rates of E2R transfer from one DNA to another, in either direction, are very similar, thus supporting the validity of these measurements. It should be emphasized that these measurements do not involve a simple decomposition of the E2R.DNA complex, a process we found to be exceedingly slow and not amenable to comparative studies. Consequently, we chose to examine the transfer of receptor from one DNA to another, a process in which dissociation of the initial receptor-DNA complex appears to be the rate-limiting step. Our use of the word "transfer" to describe this process does not imply any specific mechanism; the dissociation step may be spontaneous or it may be induced by the addition of excess DNA. Similar kinetic methods have been used to measure the dissociation rates of the lac repressor (16, 27) and RNA polymerase (28) from various DNAs.
There is great interest in how regulatory proteins might be transferred from one DNA site to another in locating the "correct" binding site (3, 5, 29, 30) . A particular value of the exchange procedure outlined here is that it provides a simple tool for analyzing the rate and the mechanism of receptor transfer, a process that may be important in the function of steroid receptors as well as other DNA-binding regulatory proteins. However, it is also likely that chromosomal proteins (31) and the organization of chromosomal subunits provide additional determinants to facilitate the search for the correct binding sites in target cell nuclei.
The demonstration that a specific mammalian regulatory protein, E2R, binds more tightly to BrdUrd-substituted DNA strengthens the possibility that BrdUrd acts on mammalian gene expression through an altered binding of regulatory proteins. Thus, genetic loci under negative control are expected to be inhibited through a tighter binding of repressor, whereas loci under positive control would be induced. Because (1978) induction of deoxycytidine deaminase by BrdUrd (14) . In this regard, it is interesting to note that estrogen receptors have been demonstrated in anterior pituitary cells (32, 33) and that estrogen and anti-estrogens can modulate prolactin synthesis in these cells (34, 1) . Furthermore, Biswas et al. (35) have shown that BrdUrd induces prolactin synthesis in rat pituitary tumor cells. These correlations suggest that, in this system, both estrogen and BrdUrd may alter prolactin synthesis by a common pathway: enhanced binding of estrogen receptor to critical genomic sites. It should be cautioned, however, that the binding data reported here reflect a general affinity for DNA and may not represent the interactions of E2R with a specific acceptor site of the genome, if base sequence is the sole determinant.
Much remains to be learned about how regulatory proteins interact with DNA. The fact that regulatory proteins from widely disparate taxonomic groups (the lac repressor and the catabolite gene activator protein from bacteria as well as the estrogen receptor from mammals) exhibit a distinct preference for BrdUrd-substituted DNA strongly suggests mechanistic similarities in the recognition and binding processes. Future clarification of the structural and chemical consequences of BrdUrd substitution in DNA will undoubtedly provide fresh insights into protein-DNA recognition processes.
